The formation of drops at the surface of turbulent liquids, e.g., turbulent primary breakup, was studied experimentally. Pulsed shadowgraphy and holography were used to observe the properties of the liquid surface and the drops formed by turbulent primary breakup. Measured properties included liquid surface velocities, conditions at the onset of ligament and drop formation, ligament and drop sizes, ligament and drop velocities and rates of drop formation. Phenomenological theories were used to help interpret and correlate the measurements. Present results show that the onset of ligament formation occurs once the kinetic energy of the turbulent eddies that form the ligaments exceeds the required surface tension energy of a ligament of comparable size. Subsequently, the onset of drop formation occurs once drops form at the tips of ligaments due to Rayleigh breakup. This same mechanism controls the subsequent variation of drop sizes due to turbulent primary breakup as a function of distance from the jet exit. In addition, ligament and drop velocities were associated with mean and fluctuating velocities of the liquid, and rates of drop formation could be expressed by surface efficiency factors defined as the fraction of the maximum cross stream liquid mass flux. 
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INTRODUCTION
Turbulent primary breakup is important for spray formation during a variety of industrial and natural phenomena, e.g., spray atomization and liquid jets, chutes and spillways, plunge pools, hydraulic jumps and bow sheets, breaking waves, and water falls, among others. Processes of turbulent primary breakup were identified during early flow visualization studies due to De Juhasz et al. 1 and Spencer. 2 Subsequent studies due to Schweitzer, 3 Grant and Middleman, 4 Phinney 5 and McCarthy and Malloy 6 confirmed that liquid turbulence properties affected jet stability, the onset of breakup and spray quality after breakup. Finally, Hoyt and Taylor   7 ' 8 demonstrated that aerodynamic effects were generally of secondary importance for turbulent primary breakup of turbulent liquid jets in still air at standard temperature and pressure (STP).
Earlier studies of turbulent primary breakup carried out in this laboratory include studies of liquid breakup properties at the surface of turbulent round liquid jets in still gases due to Ruff et al., 9 ' 11 Tseng et al. 12 and Wu et al. 13 ' 16 and a study of liquid breakup properties at the surface of turbulent annular wall jets in still gases due to Dai et a j n,i8 Th ese studies resolved several aspects of turbulent primary breakup at the surface of turbulent round liquid jets in still air, as follows: aerodynamic effects were small for liquids injected into light gases (air, etc.) at STP, except far from the injector where primary and secondary breakup occur at comparable times and tend to merge; 14 drop size distributions after turbulent primary breakup satisfied Simmons' 19 universal root normal distribution and are defined completely by the Sauter mean diameter (SMD) alone (where the SMD is the diameter of a drop having the same surface-area/volume ratio as the spray as a whole); drop velocities after turbulent primary breakup at a point are independent of drop size; the SMD of drops after turbulent primary breakup progressively increase with increasing distance from the jet exit and were effectively correlated by a phenomenological analysis of turbulent primary breakup; mean streamwise and cross stream absolute drop velocities after turbulent primary breakup were associated with mean streamwise and rms fluctuating cross stream liquid velocities at the jet exit; and conditions at the onset and end of turbulent primary breakup along the liquid surface were successfully correlated using phenomenological analysis. In addition, differences between the turbulent primary breakup properties of round free jets and annular wall jets were observed, which raises questions about the role of the geometry change in causing these differences that have not yet been resolved.
Unfortunately, some important features of turbulent primary breakup of round turbulent liquid jets in still gases were not resolved during this work. First of all, the rates of drop formation due to turbulent primary breakup along the liquid surface were not found. In addition, a closely related property of drop formation rates, the cross stream drop velocity relative to the liquid surface, was not found. Finally, drop velocity information was mainly gathered for the region near the jet exit leaving substantial uncertainties about drop velocities in the critical region near the end of the turbulent liquid column.
In view of current status of the understanding of turbulent primary breakup for round and annular free jets, the objectives of the present study were to complete new measurements of the spatial and dynamic properties of ligaments along the surface of the annular and round turbulent free jets and investigate earlier theories 13 concerning the role of the classical Rayleigh breakup mechanism in the formation of drops from the ligaments and to complete new measurements of the rates of turbulent primary breakup along the surface of turbulent annular and round liquid jets in still gases, seeking also to resolve the associated streamwise and cross stream drop velocities relative to the liquid surface and including conditions near the end of the liquid column.
EXPERIMENTAL METHODS

Apparatus
Two test apparatus were employed during the present study: (1) an annular jet apparatus and (2) a round jet apparatus. Figure 1 is a sketch of the annular jet appara-. tus. Annular liquid jets having aspect ratios larger than 20:1 were used in order to avoid the problems of defining end effects of finite-width plane jets used to approximate plane liquid jets. Pressure injection was used to feed the test liquids from a cylindrical storage chamber through an annular nozzle directed vertically downward into still air at atmospheric pressure. The storage chamber had an inside diameter and length of 190 and 305 mm, respectively. The annular nozzle had a 50 mm inner diameter with annulus widths of 3.55 and 6.75 mm to yield annular liquid jets, having aspect ratios greater than 23 to approximate plane free jets. The nozzle passages had rounded entries (radii of curvature of 1.5 times the annulus width) followed by annular passages having length-todiameter ratios greater than 40:1 to both avoid developing cavitating flows and to insure fully-developed turbulent pipe flow at the jet exit for sufficiently large Reynolds numbers, as discussed by Wu et al. 15 and references cited therein. The core of the annulus was well ventilated to prevent collapse of the annulus sheet after leaving the injector. The round jet apparatus was similar to the annular jet apparatus. The nozzle had a smooth rounded entrance (radius of curvature equal to the nozzle passage radius) followed by round constant area passages having length-to-diameter ratios greater than 40:1 to help insure fully-developed turbulent pipe flow at the jet exit. 15 The high-pressure air was stored in an accumulator having a volume of 0.12 m 3 on the upstream side of the soleAmerican Institute of Aeronautics and Astronautics noid valve, with provision for accumulator air pressures up to 1900 kPa. A baffle at the air inlet prevented undesirable mixing between the air and the test liquid. In order to accommodate rigidly-mounted optical instrumentation, the nozzle assembly could be traversed up to 1.5 m in the vertical direction in order to measure the flow structure. Liquid injection times of 100-400 ms were long compared to flow development times of 6-70 ms. Present optical measurements required less than 0.1 ms for triggering and data acquisition which did not impose any limitation on flow times. Liquid jet velocities were calibrated as a function of nozzle pressure drop by measuring liquid surface velocities using double pulse shadowgraphs.
Instrumentation
Instrumentation consisted of single-and double-pulse shadowgraphy and off-axis holography. Shadowgraphy provided flow visualization, liquid surface velocities, the locations of the onset of ligament and drop formation, drop sizes and drop velocities along the liquid surface. The light sources for these systems were two frequencydoubled YAG lasers (Spectra Physics model GCR-130, 532 nm wavelength, 7 ns pulse duration, and up to 300 ml per pulse) that could be controlled to provide pulse separations as small as 100 ns. These measurements were obtained with an open camera shutter under darkroom conditions so that the laser pulse duration controlled the exposure time and was short enough to stop liquid surface and drop motion. The use of different pulse strengths for double-pulse shadowgraphs allowed directional ambiguity to be resolved. Polaroid types 55 and 57 black and white films were used to record the images. Data was obtained from the shadowgraphs by mounting them on a computer controlled x-y traversing system (having a 1 jam resolution) and observing the images using a SONY CCD video camera (model XC-77).The overall arrangement allowed drops as small as 5 jim diameter to be observed and as small as 10 jam diameter to be measured with 10% accuracy.
Measurements of mean drop velocities were based on the motion of the centroid of the drops; finding these averages was simplified because drop velocity distributions were essentially uniform. The experimental uncertainties (95% confidence) were smaller than 5 and 20%, for the mean streamwise and cross stream drop velocities, respectively. Mass-averaged cross stream drop velocities relative to the liquid surface were found by summing the relative cross stream velocities of 40-400 drops with experimental uncertainties (95% confidence) smaller than 20%. In all cases, experimental uncertainties were dominated by sampling limitations.
Off-axis single-pulse holography was used to find drop liquid fluxes at the liquid surface (the rate of drop formation) due to turbulent primary breakup, eliminating the depth of field correction problem of conventional photographic particle sizing techniques. The arrangement is based on the Spectron Development Laboratories Model HTRC-5000 holographic camera and allowed drops as small as 5 |iini diameter to be seen and drops as small as 10 jLim diameter to be measured with 10% accuracy. The holograms were obtained in a darkened room using AGFA 8E75HD-NAH holographic plates with a 100 mm x 125 mm film format. The holograms were reconstructed using a 35 mW HeNe laser, with the laser beam collimated and passed through the hologram to provide a real image of the spray.
The rate of drop formation along the surface was obtained by measuring the volume of the drop liquid within an annular segment defined by the angle between two alignment pins (positioned outside the spray-containing region) and the axis of the liquid jet, with the distance above the mean position of the liquid surface given by the distance the drops move at the mean relative velocity with respect to the liquid surface for a preselected sampling time. Experimental uncertainties of liquid flux measurements due to the definition of irregular objects as ellipsoids are difficult to quantify; otherwise, 40-60 sample volumes were evaluated to yield mean radial liquid drop fluxes with experimental uncertainties (95% confidence) less than 30%, mainly dominated by sampling limitations.
Test Conditions
The experiments involved measurements of both annular and round fully-developed turbulent jets. Present tests were limited to water and ethanol injected into still air, however, past work 13 ' 18 concerning round free jets and plane wall jets in still air has shown that effects of variations of liquid and gas properties can be treated effectively by the dimensionless parameters used to summarize the present test results. Present test conditions for round and annular free jets are summarized in Table 1 and 2, respectively. The Reynolds number range implies that effects of turbulent primary breakup dominated the present results. The small jet exit Ohnesorge numbers imply that direct effects of liquid viscosity on liquid breakup were small.
RESULTS AND DISCUSSION
Ligament characteristics
A typical ligament at the surface of an annular free jet is shown in Fig. 2 . Notably, the geometrical appearance of
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ligaments does not lend itself easily to a simple prescription for ligament shapes. As a result, an idealization of the geometry of the ligaments was necessary. This was done using an approach similar to Merrill and Sarpkaya. 20 The definitions of ligament length, effective diameter, and ligament angle, are illustrated in Fig.2 . The ligament effective diameter is calculated from the measured ligament length and the ligament projected area on the shadowgraph as:
Measurements of 250 ligaments along the surface of round and annular free jets yielded the probability density distribution of ligament angle as shown in Fig. 3 . The probability density distribution of ligament angle appears to be roughly Gaussian, with a mean value of 105 deg and a standard deviation of 32 deg. The probability density distribution function of the ligament angle indicates that the ligaments are nearly randomly oriented which suggests small aerodynamic effects, in agreement with past assessments of aerodynamic effects on turbulent primary breakup for similar conditions. as roughly the diameter ratio for Rayleigh breakup. The second mechanism of drop formation, which was occasionally observed (less than 10% of the time), involved breakup of the ligament at its base due to the turbulent cross stream velocity fluctuations which change the flow direction at the base of the ligament before Rayleigh breakup can occur at the ligament tip. This mechanism is characterized by the formation of large, irregular, ligament-like drops and yields larger drop/ligament diameter ratios, dp/d lig than ligaments associated with Rayleigh breakup.
The probability distribution of drop/ligament diameter ratio, dp/dug, had a mean value of 2.1 and a standard deviation of 0.78. This shows that the ligament tip breakup mechanism is the dominant mechanism for drop formation because the majority of the drop/ligament diameter ratio measurements yielded values near 1.9, typical of Rayleigh breakup, rather than the larger values (> 3) typical of large ligament-like drops formed through the ligament base breakup mechanism.
A second test for the Rayleigh breakup hypothesis involved comparison of the ligament breakup time to the Rayleigh breakup time. This test was performed at the onset of breakup conditions. The length to initiate the onset of ligaments and the onset of drops (i.e. onset of breakup) were measured for annular and round free jets as shown on Fig. 6 . The times required for ligament breakup were then calculated as follows:
The ligament breakup time normalized by the Rayleigh breakup time, (Pfd ug 3 /a) 1/2 , taken from Weber 22 also is plotted on Fig. 6 as a function of the Weber number for annular and round free jets. Clearly, the ratio of the ligament breakup time to the Rayleigh breakup time is on order of unity in Fig. 6 , which further supports Rayleigh drop formation mechanism from ligaments.
Finally, measurements of ligament slenderness ratio, i.e., ligament length/diameter ratio at the instant of breakup, provide another important test of the Rayleigh breakup mechanism of drop formation from ligaments. The theoretical prediction of the length of a cylindrical jet undergoing Rayleigh breakup is given by 22 : 22 reported a value of 12 for this parameter. The Weber/Reynolds ratio was small compared to the square root of the Weber number for the present test conditions. Consequently, the ligament slenderness ratio L lig /d lig at the time of breakup is plotted in Fig. 7 as a function of the square root of the Weber number (based on ligament diameter and ligament tip speed) as suggested by Eq. 3. The best fit correlation of the data is given by:
The standard deviation of the power of Eq. 4 is 28% and the correlation coefficient of the fit is 0.82. 16 that turbulent primary breakup is caused by turbulent eddies escaping from the surface of the liquid jet.
Ligament and drop sizes along the surface
An expression for the variation of the ligament diameter resulting from turbulent primary breakup as a function of the distance from the jet exit for annular and round free jets can be developed following methods used earlier for the variation of the SMD of drops formed by turbulent primary breakup for both round free jets 13 and annular wall jets. 17 It was assumed that the ligament diameter was dominated by the largest ligament that can be formed at a given position, that effects of liquid viscosity are small, and that the ligament diameter is proportional to the characteristic eddy size. Then the following expression for the variation of d lig /A with distance from the jet exit is obtained:
where C sx is an empirical parameter on the order of unity. Data for ligament size at the surface of both the round and annular free jets are plotted in Fig. 8 as suggested by Eq. 5. The best fit correlation for ligament size is given by:
The standard deviations of the coefficient and power of Eq. 6 are 8 and 9%, respectively, and the correlation coefficient of the fit is 0.95. The power of the normalized streamwise variable in Eq. 6 is nearly the same as the theoretical value given by Eq. 5 (i.e. 0.66) whereas the coefficient is of order of magnitude unity as expected. The reasonable value of the empirical coefficient and power of Eq. 6 and the large correlation coefficients of the fit, help to support the physical ideas used to develop these expressions.
Drop sizes resulting from Rayleigh breakup of ligaments are roughly twice the size of the ligaments as expected.
Assuming that the SMD is proportional to the largest drops formed in this way, yields a correlation of SMD/A similar to the results reported by Wu and Faeth.
14
Drop velocities
The values of both streamwise and cross stream drop velocities are observed to increase in magnitude with increasing dp/SMD initially, but then remain nearly unity (within experimental uncertainties) for 0.3<dp/SMD. Consideration of the behavior of the small drops, however, suggests that their velocities tend to be smaller than the rest due to their rapid relaxation toward the local gas velocity. In addition, the effect of small drops on the momentum exchange between the phases is not very important because they have correspondingly small inertias. Thus, assuming uniform drop velocity distributions after turbulent primary breakup at each point along the surface appears to be justified based on the present measurements. Similar conclusions were obtained from analysis of earlier drop velocity measurements after turbulent primary breakup for annular wall jets due to Dai et al. 17 ' 18 Mean streamwise and mean relative cross stream drop velocities are a function of normalized distance from the jet exit. The results plotted in Fig. 9 show first of all that the normalized measurements for round and plane turbulent liquid jets are essentially the same. Next, mean streamwise drop velocities are closely associated with the. local streamwise liquid surface velocity, with all the measurements illustrated in Fig. 9 yielding u/u c =0.89
with a standard deviation of this ratio of 0.03, over the length of the liquid column. Also u s /u 0 , is nearly independent of streamwise distance over the length of the liquid column for a round jet or the length of the liquid sheet for an annular jet and is equal to 0.89. The results for annular wall jets from Dai et al. 17 are shown along with the results for annular and round free jets. The relative cross stream velocities for all three flows exhibit essentially the same streamwise variation. The correlation of the relative cross stream velocities, v r /u s , is described by the following: 
The value of v r /u s given in Eq. 9, 0.055, has a standard deviation of 21%. The correlation coefficient of Eq. 9 is 0.90 and the standard deviation of the coefficient and power in Eq. 3.18 are 9% and 24%, respectively. The value of v r /u s near the jet exit, 0.055, is comparable to American Institute of Aeronautics and Astronautics cross stream rms velocity fluctuations not too near the wall for fully-developed turbulent pipe flow 23 as might be expected for conditions where surface tension forces at the liquid surface are rather small compared to the momentum of eddy sizes responsible for the creation of drops by turbulent primary breakup.
Drop liquid fluxes
The last liquid surface property that was studied during the present investigation was the radial flux of drop liquid relative to the liquid surface as a result of turbulent primary breakup along the liquid surface, or m". In order to normalize this variable, it was defined in terms of the liquid surface breakup efficiency factor, e, which is defined as follows: = m;/(p f v r ) (10) where the limit 8=1 represents conditions where liquid drops are forming in a continuous manner over all the projected surface area of the liquid surface. The actual appearance of turbulent primary breakup, as the result of the Rayleigh-breakup of the tips of growing ligaments along the surface, however, suggests that generally e < 1, if not« 1.
Present measurements of 8 for turbulent primary breakup of turbulent annular and round liquid jets in still air are illustrated in Fig. 10 . The independent variable of this figure is x/(AWe fA 1/2 ), which is the characteristic streamwise variable used to correlate the SMD after turbulent primary breakup as a function of streamwise distance. Limits giving the onset of turbulent primary breakup as well as the liquid column breakup length are also shown on the plot to help define the region of the liquid column where turbulent primary breakup was occurring. The correlation of the present measurements of the surface efficiency factor appearing in Fig. 10 yields a simple empirical power law relationship for 8 over the present test range, as follows: = 0.016(x/(AWe fA 1/2 )) (11) where actual best-fit power of the independent variable of Eq. 11 is 0.97 with experimental uncertainty (95% confidence) of 0.03 which is not statistically different from unity; therefore, the simple form presented in Eq. 11 has been retained for the present data correlation. The standard deviation of the coefficient and power are 3% and 9%, respectively and the correlation coefficient of fit equal to 0.92, which is good. Moreover, the trend of the measurements illustrated in Fig. 10 appears to be quite reasonable.
CONCLUSIONS
The major conclusions of the present study concerning the surface breakup properties of fully-developed turbulent round and annular free liquid jets are as follows:
1. Drop formation from the tip of ligaments occurs by the classical Rayleigh breakup mechanism and is the dominant mechanism of drop formation (roughly 90% of the time). The remaining mechanism of drop formation (roughly 10% of the time) involves ligament breakup at its root due to cross stream velocity fluctuations near the liquid surface. 2. Drop velocity distributions after turbulent primary breakup satisfied uniform distribution functions; this is helpful because drop velocities are fully defined by single moments.
3. Mean and fluctuating drop velocities after turbulent primary breakup could be related quite simply to mean and fluctuating streamwise velocities in the liquid. Velocity properties were similar to recent observations of plane wall jets except for mean cross stream velocities, which decrease with increasing streamwise distance rather than remaining constant similar to wall jets. 4. The mean drop mass fluxes due to turbulent primary breakup at the liquid surface were correlated by defining a surface efficiency factor (e) in the same manner as the variation of drop SMD after turbulent primary breakup. Quite plausibly, 8 is small at the onset of turbulent primary breakup but reaches values on the order of magnitude of unity as the end of the liquid core is approached. 
